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To actively reduce the stress concentration eﬀect in adhesive layers, a novel smart adhesively bonded composite pipe
joint system was developed by integrating piezoelectric layers as sensor/actuator in the connection coupler. In the presently
developed smart pipe joint system, the mechanical loading induced structural deformation can be detected and monitored
by integrated sensing piezoelectric layers, and then the signal is fed back to the integrated actuating piezoelectric layers to
adaptively produce additional forces and moments so as to decrease the maximum peel and shear stresses in the adhesive
layer. In order to theoretically predict the eﬃciency of the developed smart pipe joint system, an electro-mechanical the-
oretical analytical model was established to investigate the characteristics of the joint system under end tension load in
terms of ﬁrst-order shear deformation theory. Simultaneously, the state-space method was utilized to deduce the ﬁnal ana-
lytical solutions, including the peel and shear stress distributions in the adhesive layer. Finally, some detailed numerical
results were obtained to demonstrate the optimal design method of such smart pipe joint system and further validate
the integrity of this joint system.
 2006 Elsevier Ltd. All rights reserved.
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Recently, due to the advance in adhesive material performance and the progress in the techniques of adhe-
sive bonding, various kinds of adhesively boned joint systems have been widely applied in engineering struc-
tures, such as single-lap and double-lap joint and pipe joints in aeronautics, automotive and civil applications.
Especially for the oﬀshore gas and oil exploration and transport, adhesive-bonded pipeline networks, involv-
ing adhesive-bonded socket, butt-and-strap and ﬂanged joints etc., are regarded as one of the most eﬃcient
and important methods. Nevertheless for any kind of adhesively bonded joint systems, the stress transfer in0020-7683/$ - see front matter  2006 Elsevier Ltd. All rights reserved.
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concentrations always exist in the edge region of the adhesive layer (Goland and Reissner, 1944; Hart-Smith,
1973; Adams and Wake, 1984). Therefore, how to comprehensively study the stress distribution in the edge
region and desirably improve the strength capacity of such joint is of importance for further application
and reliability of this system in the more and more extensive application of the adhesive joint under some var-
ious extreme working loads. Unlike the adhesively bonded beam and plate joint systems, which have been
investigated by many theoretical, numerical and experimental works, only a few studies have been conducted
to investigate the adhesive-bonded pipe joint system (see Adams and Peppiatt, 1977; Chon, 1982; Chen and
Cheng, 1992a,b; Choi and Lee, 1997; Lee and Oh, 1999; Yang, 2000; Yang et al., 2002; Pugno and Carpinteri,
2003). Obviously, how to improve the strength capacity of such joint systems is subsequently the most desired
aim for their engineering applications. Some traditional preventive enhancement methods, such as rounding
oﬀ the sharp edges, spewing ﬁllets and tapering of the adherends etc. (Hart-smith, 1983; Roberts, 1989; Cheng
et al., 1991), have been successfully applied in the engineering structures. And, some other mechanical stiﬀen-
ing methods have also been applied to the strength improvement of such joint. For instance, Albat and
Romilly (1999) ever used the some of reinforcing patches to reduce the stresses concentration eﬀect in adhe-
sives. However, all of these strength enhancement methods, i.e. traditional geometric improvement or mechan-
ical stiﬀening methods, are passive enhancement methods, which cannot enhance the strength of such joint
system when they are subjected to sudden and extreme loading.
With the advance of smart materials performance and their processing technology, smart materials have
been successfully applied as sensors and actuators in the engineering structures (Crawley and de Luis, 1987;
Lee and Moon, 1990; Cheng et al., 2000; Wu et al., 2001; Batra and Geng, 2001; Luo and Tong, 2002; Cheng
et al., 2005a,b). In order to adaptively improve joint systems, Cheng and Taheri have recently employed the
piezoelectric smart materials to successfully improve adhesively bonded beam-like joint systems, and then
introduced the adaptive strength improvement method to the common adhesively bonded joint system (Cheng
and Taheri, 2005, 2006). From the previous analyses about the smart single-lap joint system integrated with
the piezoelectric patches, we found that the stress concentration in the adhesive layer can be remarkably
reduced through actively adjusting the electric ﬁeld applied in the integrated piezoelectric patches. The pur-
pose of this paper is to extend the application of the piezoelectric materials to adhesively bonded composite
pipe joint in pipeline systems in order to construct the smart adhesively bonded pipe joint system for the reduc-
tion of stress concentrations.
In this paper, we ﬁrst constructed an idealized smart adhesively bonded composite pipe joint system with
the smart joint connection coupler integrated by piezoelectric layers. In order to analyze the eﬃciency of the
integrated piezoelectric layers in the developed smart adhesively bonded pipe joint system, an electro-mechan-
ical coupling theoretical analysis model was established to carry out the detailed theoretical investigation using
ﬁrst-order shear deformation theory. Further, the state-space method was adopted to present the ﬁnal numer-
ical solutions for the peel and shear stress distribution in the adhesive layer under the coupled electro-mechan-
ical loading. Finally, some detailed simulations about the eﬀect of stacking sequence and size of the integrated
piezoelectric layers on the developed smart pipe joint system were presented in order to optimize the pipe joint
system as well as the applied electric ﬁeld.
2. Construction of a smart composite pipe integrated with the piezoelectric layers
It is well-known that most of the adhesively bonded pipe joints used in engineering, such as adhesively
bonded socket joints, butt-and-strap joints and heat activated coupling joints etc., can be basically regarded
as two pieces of composite pipes joined by a connection coupler via an adhesive layer, as shown in Fig. 1.
Therefore, a common adhesively bonded pipe joint can be practically and theoretically considered to be com-
posed of two main pipes, a connection coupler and an adhesive layer, as shown in Fig. 2. For identical mate-
rial properties and geometries of such joint, the single-strap joint is a strictly symmetric structure, which would
be used to simplify the future theoretical model analysis. As mentioned above, all of the experimental and the-
oretical works have conﬁrmed that the peel/shear stress concentration always exists in the adhesive layer of
such joint. Therefore, in order to reduce the stress concentration inﬂuence on the joint system, we proposed
to develop a novel smart adhesively bonded composite pipe joint system by using the smart piezoelectric
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Fig. 2. A schematic geometric view of the pipe joint: (a) common geometric view and (b) cross-section view of joint.
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Fig. 1. A common schematic view of pipe joint system.
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vious work with the smart beam-like joint system (Cheng and Taheri, 2005, 2006), we here can idealize to con-
struct a smart adhesively bonded composite pipe joint system integrated with piezoelectric layers as shown in
Fig. 3(b) with comparison to a common coupler as shown in Fig. 3(a). In the developed smart joint system,
adjusting the external applied electric ﬁelds can induce the relevant deformation of smart laminates, causing
the additional force and moment on the joint edge so as to adjust the stress concentration in the joint edge.
Obviously, the piezoelectric layers can be freely integrated into any kth layer of a composite coupler. There is
no doubt that the stacking sequence of the piezoelectric layers should have a signiﬁcant eﬀect on the eﬃciency
of such smart joint as well as its size. Therefore, in order to account for the action of the integrated piezoelec-
tric layers, a theoretical model will be established to carry out the peel and shear stresses analysis in the adhe-
sive layer under the application of electro-mechanical loading by using the ﬁrst-order shear deformation
theory (FOST) in the next section.Fig. 3. The basic structures of a common pipe-joint system (a) and the proposed smart pipe joint system integrated with the piezoelectric
layer (b).
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In order to theoretically analyze the eﬃciency of the integrated piezoelectric layers in the developed smart
composite pipe joint system as shown in Figs. 1 and 3(b), we employ the ﬁrst-order shear deformation theory
to conduct the detailed stress analysis. The geometric parameters of the smart joint system are as presented in
Fig. 4.
Now considering the proposed smart composite pipe joint is subjected to an axial tensile force eN , as shown
in Fig. 4. Due to the axi-symmetric characteristic of the composite pipe joint system under the axial tensile
loading, the overall pipe joint system can be regarded as a two-dimensional problem. Therefore, the displace-
ments u, v and w along the longitudinal, tangential and radial directions for the overlapping pipe section, cou-
pler and bare pipe section can be presented respectively in terms of the ﬁrst-order shear deformation plate
theory as follows:uiðx; zÞ ¼ u0iðxÞ þ z/iðxÞ ð1aÞ
viðx; zÞ ¼ 0 ð1bÞ
wiðx; zÞ ¼ wðxÞ ð1cÞwhere the subscript ‘i’ of the above variables denotes the diﬀerent sections of the composite pipe joint system
as shown in Fig. 4. Here, ‘i = c, p, b’ indicate the variables for the connection coupler, overlapping pipe and
bare pipe sections, respectively. This deﬁnition is also suitable for the future expressions. The u0i and wi are the
mid-plane displacement and /i is the rotation of the joint diﬀerent sections.
Furthermore, the strain in the pipes and coupler induced by the above assumed displacement ﬁelds in terms
of the ﬁrst-order shear deformation theory ase1i ¼ exi ¼ ouiox ¼
ou0i
ox
þ z o/i
ox
ð2aÞ
e2i ¼ esi ¼ wiRi þ z ð2bÞ
ezi ¼ owioz ¼ 0 ð2cÞ
exsi ¼ eszi ¼ 0 ð2dÞ
exzi ¼ ouioz þ
owi
ox
¼ /i þ
owi
ox
ð2eÞwhere Ri denotes the radius of the mid-plane for the diﬀerent sections, for instance, Rp and Rc are the radius of
the mid-plane of the pipe wall and coupler wall, respectively, as shown in Fig. 2.
Further, considering the eﬀects of the piezoelectric layer with the poling direction along the z-axis, the
stress–strain relationships of the kth lamina in the shell coordinate system are represented byrkij ¼ Ckijklekl  ekijkEk ð3aÞ
Dki ¼ ekiklekl þ kkijEj ð3bÞSymmetric axis 
x1 x2 Coupler
NN
Bare pipe Coupling pipe l1 l2 
Fig. 4. A schematic view of the diﬀerent sections of the composite pipe joint system.
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tric and dielectric constants for the lamina, respectively. It is noted that the piezoelectric coeﬃcients are equal to
zero for the elastic composite layers. Moreover, when the piezoelectric layer is subjected to the externally ap-
plied electric ﬁeld as an actuator, the additional forces/moments can be produced to enhance/reduce the struc-
ture deformation. Otherwise, as the piezoelectric layer acts as a sensor, Eq. (3b) can be used to theoretically
induce the sensing equation for monitoring the system deformation after the deformation of pipe joint system
is determined (Lee and Moon, 1990; Cheng et al., 2005a,b). And in experiment, some workers had successfully
applied the embedded piezoelectric sensor to measure the stress in adhesive joint (Anderson et al., 1994).
Most of the reinforcements used for the centrifugal casting are orthotropic, including chopped-strand mats,
woven roving, unidirectional fabrics etc. (Yang et al., 2002). Then, considering the strain expression in Eq. (2)
and ﬁber distribution angle of the kth layer, the stress–strain relationships of the composite pipe walls can be
further described in the following forms:r1
r2
 k
¼ Q11 Q12
Q21 Q22
" #k
e1
e2
 
 e31
e32
 k
fE3gk ð4aÞ
fr5gk ¼ ½kQ55kfe5g ð4bÞ
where Qij are the transformed stiﬀness and can be obtained from the relative lamina.
For a general cross-ply laminate, the resultant forces and moments can be obtained by integration of the
stresses as shown in Eq. (4). Integration through the thickness cross section of each component of the smart
pipe joint system yields the following resultant forces and moments (Ugural, 1999):Nxi ¼
Z h
2
h2
Ri þ z
Ri
r1i dz ¼
Xn
k¼1
Z hkþ1
hk
Ri þ z
Ri
Qk11ie1i þ Qk12ie2i  ek31Ek3
 
dz
¼
Xn
k¼1
Z hkþ1
hk
Ri þ z
Ri
Qk11i
ou0i
ox
þ z o/i
ox
 	
þ Qk12i
wi
Ri þ z e
k
31E
k
3
 
dz
¼ Ai11 ou0iox þ Bi11
o/i
ox
þ Ei12wi  NPZTxc ð5aÞ
Mxi ¼
Z h
2
h2
Ri þ z
Ri
zr1i dz ¼
Xn
k¼1
Z hkþ1
hk
Ri þ z
Ri
Qk11ie1 þ Qk12ie2  ek31Ek3
 
zdz
¼
Xn
k¼1
Z hkþ1
hk
Ri þ z
Ri
Qk11i
ou0i
ox
þ z o/i
ox
 	
þ Qk12i
wi
Ri þ z e
k
31E
k
3
 
zdz
¼ Bi11 ou0iox þ Di11
o/i
ox
þ F i12wi MPZTxc ð5bÞ
Nsi ¼
Z h
2
h2
Ri þ z
Ri
r2i dz ¼
Xn
k¼1
Z hkþ1
hk
Ri þ z
Ri
Qk21ie1 þ Qk22ie2  ek32Ek3
 
dz
¼
Xn
k¼1
Z hkþ1
hk
Ri þ z
Ri
Qk21i
ou0i
ox
þ z o/i
ox
 	
þ Qk22i
wi
Ri þ z e
k
32E
k
3
 
dz
¼ Ai21 ou0iox þ Bi21
o/i
ox
þ E22iwi  NPZTsc ð5cÞ
Qxi ¼
Z h
2
h2
r5 dz ¼
Xn
k¼1
Z hkþ1
hk
KQk55iexz dz
¼
Xn
k¼1
Z hkþ1
hk
KQk55i /i þ
owi
ox
 	
dz
¼ Ai55/i þ Ai55
owi
ox
ð5dÞ
J. Cheng et al. / International Journal of Solids and Structures 43 (2006) 5370–5385 5375where Aij, Bij, Dij, Eij and Fij are deﬁned as the stiﬀness matrix for the convenience of future equation deriva-
tion. Here, the resultant forces and moments induced by the piezoelectric layer as actuators can be presented
in the following forms:NPZTxc ¼
Xn
k¼1
Z hkþ1
hk
Ri þ z
Ri
ek31E
k
3 dz ð6aÞ
MPZTxc ¼
Xn
k¼1
Z hkþ1
hk
Ri þ z
Ri
zek31E
k
3 dz ð6bÞ
NPZTsc ¼
Xn
k¼1
Z hkþ1
hk
Ri þ z
Ri
ek32E
k
3 dz ð6cÞIt is evident that the electric ﬁeld-induced additional forces and moments can be controlled through adjusting
the lamina thickness and applied electric ﬁeld in the diﬀerent piezoelectric layers. It is further noted that in
order to consider the eﬀect of the surface covered electrode region [x0,x1] in the piezoelectric layers, we can
apply the Heaviside step function to describe the applied electric ﬁeld in the following form:Ek3 ¼ 
V k
hk
½Hðx x0Þ  Hðx x1Þ ð6dÞwith H(x  xa) being the Heaviside step function.
Now considering the inﬁnitesimal elements of the joint section and using the static equilibrium conditions
for each layer as shown in Fig. 5, we can obtain the fundamental equilibrium equations for any segment of the
smart composite pipe joint system as follows:
In the connection coupler, we haveoNxc
ox
¼ Rci
Rc
s ð7aÞ
oMxc
ox
 Qxc ¼
hc
2
Rci
Rc
s ð7bÞ
oQxc
ox
 Nsc
Rc
¼ Rci
Rc
q ð7cÞand in the overlapping pipe section as shown in Figs. 4 and 5, we can present the equilibrium equations asoNxp
ox
¼ Rpo
Rp
s ð8aÞ
oMxp
ox
 Qxp ¼
hp
2
Rpo
Rp
s ð8bÞ
oQxp
ox
 Nsp
Rp
¼ Rpo
Rp
q ð8cÞwhere Rc and Rp are the central radius of the coupler and pipe, respectively. And, Rpo is the outer radius of the
pipe and Rci the inner radius of the coupler.
Here s and q are the shear stress and peel stress in the adhesive layer caused by the inhomogeneity of the lon-
gitudinal, tangential and radial deformations in the pipe and coupler. The shear stress s in the adhesive layer can
be expressed by the longitudinal displacement change from the inner surface of the coupler to the outer surface of
pipe and the relative ﬁrst-order axial derivative of their radial deﬂections in the following form:s ¼ Ga
ha
ðu0p  u0cÞ þ hp
2
/p þ
hc
2
/c
 	 
 Ga
2
owp
ox
þ owc
ox
 	
ð9Þ
Qxc+dQxc
Nxc+dNxc
Mxc+dMxc
τNsc
q Nsc+dNsc 
Qxc 
Mxc 
Nxc 
q
τ
τ
q
Qxp+dQxp
Nxp+dNxp
Mxp+dMxp
qNsp
τ Nsp+d Nsp
Qxp 
Mxp 
Mxp 
Nxp 
(a)
(b)
(c)
Fig. 5. The stress and forces on the inﬁnitesimal substructures of a joint system: (a) the top layer (connection coupler), (b) the adhesive
layer, (c) the bottom layer (main pipe).
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written asq ¼ Ea
ha
ðwc  wpÞ ð10Þwhere Ga and Ea are the shear and Young’s modulus of the adhesive layer with the thickness ha.
Similarly, the conditions of force equilibrium for the bare pipe section, as shown in Fig. 4, can be obtained
by neglecting the shear and peel eﬀects from Eq. (10) as follows:oNxp
ox
¼ 0 ð11aÞ
oMxp
ox
 Qxp ¼ 0 ð11bÞ
oQxp
ox
 Nsp
Rp
¼ 0 ð11cÞ
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the smart composite pipe joint system can be presented in the following details when the axi-symmetric tension
loading is applied to the pipe end as shown in Fig. 4:
At x1 = 0, due to the free overlapping pipe and the symmetric characteristics of the joint system for the
coupler, we have the relevant boundary conditions for the overlapping pipe and coupler respectively asNxpð0Þ ¼ 0; Mspð0Þ ¼ 0; Qxpð0Þ ¼ 0 ð12aÞ
u0cð0Þ ¼ 0; dwc
dx
ð0Þ ¼ 0; Qxcð0Þ ¼ 0 ð12bÞSimilarly, at x1 = l1 due to the free edge of the smart coupler end, we haveNxcðl1Þ ¼ 0; Mscðl1Þ ¼ 0; Qxcðl1Þ ¼ 0 ð12cÞ
While at x1 = l1 and x2 = 0, the overlapping pipe section and the bare pipe section is continuous, we can
present the continuity conditions for the pipe asu0pðl1Þ ¼ u0bð0Þ; /pðl1Þ ¼ /bð0Þ; wpðl1Þ ¼ wbð0Þ
du0p
dx
ðl1Þ ¼ du0b
dx
ð0Þ; d/p
dx
ðl1Þ ¼ d/b
dx
ð0Þ; dwp
dx
ðl1Þ ¼ dwb
dx
ð0Þ
ð12dÞFinally, at x2 = l2, i.e. the end of the joint pipe, it is subjected to a tensile loading, which can yieldNxbðl2Þ ¼ eN x0; Msbðl2Þ ¼ 0; Qxbðl2Þ ¼ 0 ð12eÞ
Now, substituting the relevant resultant forces and moments into the above force equilibrium equations in
Eqs. (7), (8) and (11), we can obtain the displacement-based governing diﬀerential equations for the smart
composite pipe joint system in the following forms:
In the coupler, we haveAc11
o2u0c
ox2
þ Bc11 o
2/c
ox2
þ Ec12 owcox
¼ Rci
Rc
Ga
ha
ðup0  uc0Þ þ hp
2
/p þ
hc
2
/c
 	 
 Ga
2
owp
ox
þ owc
ox
 	 
þ oN
PZT
xc
ox
ð13aÞ
Bc11
o2u0c
ox2
þ Dc11 o
2/c
ox2
þ F c12 owcox  Ac55/c þ Ac55
owc
ox
 	
¼ hc
2
Rci
Rc
Ga
ha
ðup0  uc0Þ þ hp
2
/p þ
hc
2
/c
 	 
 Ga
2
owp
ox
þ owc
ox
 	 
þ oM
PZT
sc
ox
ð13bÞ
Ac55
o/c
ox
þ Ac55 o
2wc
ox2
 1
Rc
Ac21
ou0c
ox
þ Bc21 o/cox þ Ec22wc
 	
¼ Rci
Rc
Ea
ha
ðwc  wpÞ  N
PZT
sc
Rc
ð13cÞand the new displacement-based expression for the overlapping pipe section can be rewritten asAp11
o2u0p
ox2
þ Bp11
o2/p
ox2
þ Ep12 owpox ¼
Rpo
Rp
Ga
ha
ðup0  uc0Þ þ hp
2
/p þ
hc
2
/c
 	 
 Ga
2
owp
ox
þ owc
ox
 	 
ð14aÞ
Bp11
o2u0p
ox2
þ Dp11
o2/p
ox2
þ F p12 owpox  Ap55/p þ Ap55
owp
ox
 	
¼ hp
2
Rpo
Rp
Ga
ha
ðup0  uc0Þ þ hp
2
/p þ
hc
2
/c
 	 
 Ga
2
owp
ox
þ owc
ox
 	 
ð14bÞ
Ap55
o/p
ox
þ Ap55 o
2wp
ox2
 1
Rp
Ap21
ou0p
ox
þ Bp21
o/p
ox
þ Ep22wp
 	
¼ Rpo
Rp
Ea
ha
ðwc  wpÞ ð14cÞ
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o2u0p
ox2
þ Bp11
o2/p
ox2
þ Ep12 owpox ¼ 0 ð15aÞ
Bp11
o2u0p
ox2
þ Dp11
o2/p
ox2
þ F p12 owpox  Ap55/p þ Ap55
owp
ox
 	
¼ 0 ð15bÞ
Ap55
o/p
ox
þ Ap55 o
2wp
ox2
 1
Rp
Ap21
ou0p
ox
þ Bp21
o/p
ox
þ Ep22wp
 	
¼ 0 ð15cÞObviously, the above displacement-based governing equations for the diﬀerent sections are second-order
diﬀerential equations with the boundary-value conditions and continuity conditions. Here, we can apply
the state-space method to conveniently solve the above diﬀerential equations. In order to produce the state
equations, we have to introduce some unknown variables to simplify the above equations as follows:Z1 ¼ u0c; Z2 ¼ Z 01 ¼
ou0c
ox
; Z3 ¼ /c; Z4 ¼ Z 03 ¼
o/c
ox
; Z5 ¼ wc; Z6 ¼ Z 05 ¼
owc
ox
Z7 ¼ u0p; Z8 ¼ Z 07 ¼
ou0p
ox
; Z9 ¼ /p; Z10 ¼ Z 09 ¼
o/p
ox
; Z11 ¼ wp; Z12 ¼ Z 011 ¼
owp
ox
X 1 ¼ u0b; X 2 ¼ X 01 ¼
ou0b
ox
; X 3 ¼ /b; X 4 ¼ X 03 ¼
o/b
ox
; X 5 ¼ wb; X 6 ¼ X 05 ¼
owb
oxUsing the above unknown variables, the displacement-based governing Eqs. (13)-(15) can be represented by
the ﬁrst-order state equation systems respectively in the following matrix forms:fZg0 ¼ ½AfZg þ ½K ð16Þ
fXg0 ¼ ½BfXg ð17Þand clearly in terms of Eqs. (9) and (10), the peel and shear stresses in the adhesive layer of the smart com-
posite pipe joint system can be obtained fromq ¼ 0 0 0 0 Ea
ha
0 0 0 0 0 Ea
ha
0
 
fZg ð18aÞ
s ¼ Ga
ha
0
Gahc
2ha
0 0 Ga
2
Ga
ha
0
Gahp
2ha
0 0 0
 
fZg ð18bÞwhere the detailed non-zero components of matrix [A] and [B] are shown in the appendix. Here, [K] is a 12 · 1
dimensions matrix and has the following non-zero components:Kð2; 1Þ ¼ Dc11N
P 0
xc  Bc11MP
0
xc
Ac11Dc11  B2c11
; Kð4; 1Þ ¼ Ac11M
P 0
xc  Bc11NP
0
xc
Ac11Dc11  B2c11
and Kð6; 1Þ ¼  N
PZT
sc
Ac55Rcwith the following deﬁnitions:NP
0
xc ¼ NPZTxc ½dðx lÞ  dðxþ lÞ; MP
0
xc ¼ MPZTxc ½dðx lÞ  dðxþ lÞ
The common exponent analytical solutions for the above two state Eqs. (16) and (17) can be generally
expressed in the following forms:ZðxÞ ¼ ex½H fk1g þ ex½H 
Z x
e#½H ½Kd# ð19Þ
X ðxÞ ¼ ex½Dfk2g ð20Þwhere {k1} is a vector with 12 unknown coeﬃcients determined by the relevant boundary and continuity con-
ditions at x = 0, l1 and {k2} is a vector with six unknown coeﬃcients calculated by the boundary and conti-
nuity conditions at x = 0, l2, as given in Eq. (11), with the help of strain–stress and strain–displacement
relationships (Eqs. (2) and (3)). After the unknown coeﬃcients {ki} (i = 1,2) are determined by the boundary
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composite pipe joint system can be analytically calculated by Eq. (18).
4. Numerical analysis and discussion
In terms of the theoretical analysis model of the stress distribution for the smart composite pipe joint sys-
tem in the above section, we here will present some detailed numerical examples to validate the integrity of
developed joint system with the integrated piezoelectric layers in the coupler. Here, we will take the 54-degree
ﬁlament-wound E-glass/Derakane 470 composite pipe as the calculation samples for the pipe and the coupler.
The following material properties and geometric parameters of the composite pipe and coupler, adhesive and
piezoelectric ceramics are used in present simulations as
Composite layer: E1 = 25.2 GPa, E2 = 7.5 GPa, E12 = 2.4 GPa, v12 = 0.32.
Epoxy adhesive: Ea = 0.96 GPa, Ga = 0.34 GPa, l3 = 0.412.
Piezoelectric materials: EPZT = 8.4 · 1010 N/m2, l3 = 0.22, d31 = d32 = 310 · 1012 m/V.
Geometric parameters: l1 = 25.4 mm, l2 = 127 mm, ha = 0.0127 mm, hp = hc = 2.54 mm, Rpi = 50.8 mm.
Now, considering the developed smart composite pipe with the above materials properties and global
geometries subjected to 25 kN axial load, we used the ﬁrst-order shear deformation-based theoretical model
developed in the last section to calculate the detailed numerical examples for conﬁrming the action and eﬃ-
ciency of the integrated piezoelectric layers. Firstly, we assumed that the developed smart coupler was lami-
nated by the following stacking sequence [Comp/PZT1/Comp/Comp/PZT2/Comp] with the relative
thicknesses hc
6
= hc
6
= hc
6
= hc
6
= hc
6
= hc
6

 
, where the piezoelectric layers PZT1 and PZT2 were subjected to the electric
ﬁelds E13 and E
2
3, respectively. Then, some detailed calculations of the peel and shear stresses distribution for
such stacking sequence and lamina geometries of the joint under the combined mechanical axial loading and
the applied electric ﬁelds E13 ¼ E23, which is set as study Case 1, were ﬁrstly carried out. The results for Case 1
are shown in Fig. 6 for the peel stress distribution and Fig. 7 for the shear stress distribution. The numerical
results in Figs. 6 and 7 both indicate that the peel/shear stress concentrations always present in the end edge
region of the joint and can be signiﬁcantly and adaptively controlled by the electric ﬁelds applied to the inte-
grated piezoelectric layers. Further, Fig. 8 presents the detailed inﬂuences of the diﬀerent applied electric ﬁelds
applied to the diﬀerent piezoelectric layers on the maximum peel/shear stresses for Case 1, i.e. E13 ¼ E23, which
result in NPZTi 6¼ 0 and MPZTi  0, and, Case 2, i.e. E23 ¼ E13 which can lead to NPZTi  0 and MPZTi 6¼ 0. From
the results in Fig. 8, it is seen that the applied negative electric ﬁeld E13 can dominantly reduce both the max-
imum peel and shear stresses but the positive electric ﬁeld E13 increases the maximum peel and shear stresses in
Case 1. In Case 2, the enhancement actions of the integrated piezoelectric layers become more complicated as25 
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Fig. 6. The inﬂuence of the applied electric ﬁelds in the integrated piezoelectric layers on the peel stress distribution in the adhesive layer
for Case 1.
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J. Cheng et al. / International Journal of Solids and Structures 43 (2006) 5370–5385 5381shown in Fig. 8, namely, the applied negative electric ﬁeld E13 can decrease the maximum shear stress but
remarkably increase the maximum peel stress; by contrast, a positive applied electric ﬁeld can achieve the
opposite eﬀect. Furthermore, two other study cases for such composite pipe joint, involving the study Case
3: E13 6¼ 0 and E23 ¼ 0, and study Case 4: E13 ¼ 0 and E23 6¼ 0, which both result in NPZTi 6¼ 0 and MPZTi 6¼ 0, were
modeled and studied as depicted in Fig. 9. In Case 3, it is obvious from Fig. 9 that an applied negative electric
ﬁeld E13 can notably reduce the maximum shear stress. However, the positive electric ﬁelds increase the max-
imum shear stress. The eﬀects of applied electric ﬁelds on the maximum peel stress are to the opposite of the
maximum shear stress. With Comparison to the results of Case 3, the applied electric ﬁelds in Case 4 only have
little inﬂuence on the maximum shear stress in the adhesive layer. However, the negative electric ﬁelds can evi-
dently reduce the maximum peel stress, as presented in Fig. 9.
We further considered the thickness eﬀect of the integrated piezoelectric layers on the enhancement/reduc-
tion eﬃciency of maximum peel and shear stress. Here, the smart coupler with the lamina thickness parameters
hc
6
= hc
4
= hc
12
= hc
12
= hc
4
= hc
6

 
was utilized to compute and analyze the detailed size eﬀect. Under the same axial tensile
loading, we calculated the numerical results of such smart composite pipe joint system for these relative study16
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Fig. 11. The comparison of the eﬀect of applied electric ﬁeld on the maximum shear stress for Cases 3, 4, 7 and 8.
5382 J. Cheng et al. / International Journal of Solids and Structures 43 (2006) 5370–5385cases: Case 5: E13 ¼ E23, Case 6: E23 ¼ E13, Case 7: E13 6¼ 0 and E23 ¼ 0 and Case 8: E13 ¼ 0 and E23 6¼ 0. Fig. 10
displays the numerical comparison of the maximum peel/shear stresses between the study Case 1 and Case 5,
which indicates that the thickness of laminated piezoelectric layers can change the maximum distribution
stress. And some more detailed comparisons for the size eﬀect of the maximum peel/shear stresses among
the diﬀerent study cases were further presented in Figs. 11–13, which also revealed and conﬁrmed the inﬂuence
of the integrated piezoelectric layers thickness on the maximum peel/shear stresses. From the numerical com-
parisons, it is clear that the thickness of the integrated piezoelectric layers have a signiﬁcant eﬀect on the maxi-
mum peel and shear stress, and thicker integrated piezoelectric layers can enhance the enhancement/reduction
of the maximum peel/shear stress under the relevant applied electric ﬁelds. But due to the change of the cou-
pler overall material properties caused by thickening the integrated piezoelectric layers, the initial maximum
peel/shear stresses (i.e. the maximum peel/shear stresses at E13 ¼ E23 ¼ 0) also have a slight increase, as shown
in Figs. 10–13, which further clariﬁes the integrity of the developed strength improvement method and desig-
nablity of the composite pipe joint.
In a word, from the above detailed numerical analyses, it is clear that integrated piezoelectric layers can
signiﬁcantly reduce the maximum peel/shear stress in the adhesive layer with a suitable choice of stacking10
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Fig. 12. The comparison of the eﬀect of applied electric ﬁeld on the maximum peel stress for Cases 3, 4, 7 and 8.
16
18
20
22
24
26
28
30
32
M
ax
im
um
 s
he
ar
 s
tre
ss
 (M
Pa
)
 Case 1
 Case 2
 Case 5
 Case 6
-4.0x106 -2.0x106 0.0 2.0x106 4.0x106
Applied electric field (V/m)
Fig. 13. The comparison of the eﬀect of applied electric ﬁeld on the maximum shear stress for Cases 1, 2, 5 and 6.
J. Cheng et al. / International Journal of Solids and Structures 43 (2006) 5370–5385 5383sequence, lamina thickness and applied electric ﬁelds so as to adaptively enhance the failure strength of such
composite pipe joint. Of course, the integrated piezoelectric layers can also be used as sensors to monitor the
joint structural deformation. The sensing results can be obtained from sensing equation as shown in Eq. (3b)
after the structural deformation determined. Here, we neglected the detailed theoretical work on the sensing
functions of the integrated piezoelectric layers.
5. Conclusion
Due to the high performance electro-mechanical coupling of piezoelectric materials, a smart adhesively
bonded composite pipe joint system was proposed to adaptively reduce the stress concentration eﬀect in
the adhesive layer via the coupler integrated with piezoelectric layers as sensor/actuator. In order to analyze
the eﬃciency of the integrated piezoelectric layers, an electro-mechanical theoretical analysis model based on
ﬁrst-order shear deformation theory was established to develop the fundamental equations for the analyses of
the developed smart composite pipe joint system when subjected to an axial tensile loading and electric ﬁelds.
Further, the state-space method was utilized to deduce the ﬁnal analytical solutions, including the peel and
shear stress in the adhesive layer. Finally, some detailed numerical examples were presented to compare the
action and eﬃciency of the integrated piezoelectric layers with diﬀerent lamina thicknesses and applied electric
ﬁelds, which conﬁrmed the integrity of developed smart adhesive composite pipe joint system. The numerical
results also validated that the peel/shear stress distribution can be optimized by choosing the suitable piezo-
electric materials, the geometries and applied electric ﬁelds to adaptively reduce the peel/shear stress
concentration.
Appendix A
The non-zero components of the matrices [A] and [B] are presented as follows:A½1; 2 ¼ A½3; 4 ¼ A½5; 6 ¼ A½7; 8 ¼ A½9; 10 ¼ A½11; 12 ¼ 1
A½2; 1 ¼
Dc11RciGa
Rcha
þ hcBc11RciGa
2Rcha
Ac11Dc11  B2c11
; A½2; 3 ¼
Dc11 hcRciGa2Rcha  Bc11 Ac55 þ
h2cRciGa
4Rcha
 
Ac11Dc11  B2c11
A½2; 6 ¼
Dc11
RciGa
2Rc
 Ec12
 
 Bc11 Ac55  hcRciGa4Rc  F c12
 
Ac11Dc11  B2c11
; A½2; 7 ¼ Dc11
RciGa
Rcha
 Bc11 hcRciGa2Rcha
Ac11Dc11  B2c11
A½2; 9 ¼ Dc11
hpRciGa
2Rcha
 Bc11 hchpRciGa4Rcha
Ac11Dc11  B2c11
; A½2; 12 ¼ Dc11
RciGa
2Rc
þ Bc11 hcRciGa4Rc
Ac11Dc11  B2c11
A½4; 1 ¼ Ac11
hcRciGa
2Rcha
 Bc11 RciGaRcha
Ac11Dc11  B2c11
; A½4; 3 ¼
Ac11 Ac55 þ h
2
cRciGa
4Rcha
 
þ Bc11 hcRciGa2Rcha
Ac11Dc11  B2c11
A½4; 6 ¼
Ac11 Ac55  hcRciGa4Rc  F c12
 
 Bc11 RciGa2Rc  Ec12
 
Ac11Dc11  B2c11
; A½4; 7 ¼ Ac11
hcRciGa
2Rcha
þ Bc11 RciGaRcha
Ac11Dc11  B2c11
A½4; 9 ¼ Ac11
hchpRciGa
4Rcha
þ Bc11 hpRciGa2Rcha
Ac11Dc11  B2c11
; A½4; 12 ¼ Ac11
hcRciGa
4Rc
 Bc11 RciGa2Rc
Ac11Dc11  B2c11
A½6; 2 ¼ Ac21
RcAc55
; A½6; 4 ¼ 1
Ac55
Bc21
Rc
 Ac55
 	
; A½6; 5 ¼ 1
Ac55
Ec22
Rc
þ Rci
Rc
Ea
ha
 	
A½6; 11 ¼  1
Ac55
Rci
Rc
Ea
ha
A½8; 1 ¼
Dp11 RpoGaRpha þ Bp11
hpRpoGa
2Rpha
Ap11Dp11  B2p11
; A½8; 3 ¼
Dp11
hcRpoGa
2Rpha
 Bp11 hchpRpoGa4Rpha
Ap11Dp11  B2p11
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Dp11 RpoGa2Rp þ Bp11
hpRpoGa
4Rp
Ap11Dp11  B2p11
; A½8; 7 ¼
Dp11
RpoGa
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 Bp11 hpRpoGa2Rpha
Ap11Dp11  B2p11
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Dp11
hpRpoGa
2Rpha
 Bp11 Ap55 þ h
2
pRpoGa
4Rpha
 
Ap11Dp11  B2p11
A½8; 12 ¼
Dp11 Ep12 þ RpoGa2Rp
 
 Bp11 Ap55  F p12  hpRpoGa4Rp
 
Ap11Dp11  B2p11
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Ap11 hpRpoGa2Rpha þ Bp11
RpoGa
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hchpRpoGa
4Rpha
 Bp11 hcRpoGa2Rpha
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2
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